Standardization in the field of geographic information started in the 1990s when geographic information systems (GIS) matured and the advent of the Internet accelerated the exchange of information. Recent developments, such as location--based services and the use of the Global Positioning System (GPS) on handheld devices, have further increased the demand for standardization in the field. ISO/TC 211, Geographic information/Geomatics develops the ISO 19100 series of geographic information standards and collaborates with other standards organizations, for example, by developing abstract standards for which the Open Geospatial Consortium (OGC) develops implementation specifications. To date, forty nine ISO 19100 standards have been published. Many of these were recently approved for revision. One of the challenges of standard maintenance is to determine whether a change in a revised standard affects other standards, and how. Object dependency analysis is commonly used in object--oriented software maintenance. Geographic information standards, however, are not composed purely of objects. Instead, dependencies in all the normative elements of the standard have to be analyzed and understood. This paper presents the novel approach of a normative dependency analysis for standard maintenance in which interdependencies between the normative elements of standards are analyzed. In the paper a normative dependency between two standards is defined for the first time, a notation for normative dependencies is introduced, a normative dependency data model is presented and results from a normative dependency analysis of the ISO 19100 geographic information standards are discussed. The paper concludes with results, applicable to any suite of standards, and a discussion of further work.
Introduction
Standardization in the field of geographic information started in the 1990s when geographic information systems (GIS) matured and the advent of the Internet accelerated the sharing and exchange of information. In 1994, a technical committee for standardization in the field of geographic information was created in the International Organization for Standardization (ISO), the ISO/TC 211 Geographic information/Geomatics [1] . The first standard was published in 2000 and since then, a suite of standards for geographic information has been published by ISO/TC 211; the first ISO number assigned is 19101 and the number of the latest project under development is 19160. More than half of the 49 published standards have undergone ISO's periodic systematic review in the past few years. Only four of these were confirmed; based on the comments received in the systematic reviews, it was decided that most of the others should be revised and some of these revisions have already commenced. Typically, ISO/TC 211 prepares abstract standards that describe the conceptual components of a standard and the relationships between these components. The Open Geospatial Consortium, Inc (OGC) is an international industry consortium with more than 400 members, including companies, government agencies and universities [2] . OGC, founded in 1994, focuses on the publication of implementation specifications. OGC was one of the first liaisons approved by ISO/TC 211 in 1995. Since 2003 collaboration is coordinated through a Joint Advisory Group (JAG). OGC publications include quite a few implementation specifications for abstract standards that are published by ISO/TC211. For example, the OGC implementation specification for a gazetteer service [3] which is based on the conceptual model for gazetteers defined in ISO 19112, Geographic information - Spatial referencing by geographic identifiers [4] . Others are jointly developed standards, such as ISO 19128:2005, Geographic information -Web Map Service Interface [5] , which has been published by the OGC as OpenGIS® Web Map Server Implementation Specification 1.3.0 [6] . A spatial data infrastructure aims to make spatial (geographic) data usable by as wide an audience as possible. The implementation of spatial data infrastructures in countries, regions and globally has created a demand for a suite of harmonized geographic information standards. One such example is the INfrastructure for SPatial InfoRmation in Europe (INSPIRE), which aims to create a European Union (EU) spatial data infrastructure that will enable the sharing of environmental spatial information among public sector organizations and better facilitate public access to spatial information across Europe [7] . INSPIRE specifications extensively normatively reference ISO 19100 standards. Omnipresence of digital geographic information on Internet Mapping sites (Google Earth, VirtualEarth and OpenStreetMap) and handheld devices (cell phones and GPS devices) further contributes towards the demand for a suite of harmonized geographic information standards. One of the challenges of standard harmonization is the maintenance of standards when revisions are required. It is a challenge to determine whether a change in a revised standard affects other standards, and how. A standard describes how it depends on other standards, but understanding how other standards depend on a specific standard is not described in a single document. Due to the collaboration with other organizations, publications by other standardization organizations (i.e. other than ISO/TC 211) could also depend on an ISO 19100 standard and to complicate matters further, there could be a chain of dependencies involved. The work on normative dependencies was initiated in the Programme Maintenance Group (PMG) of ISO/TC 211. The group coordinates efforts in the committee to ensure harmonization and consistency of standards and alignment with changing requirements and technological developments. A normative dependency analysis as tool in support of standard maintenance was researched and the results are reported here. Dependency analysis is commonly used in software maintenance to understand the architectural interdependencies of software systems. For example, an object--oriented system is composed of a collection of communicating objects. Analyzing objects and their relationships facilitates an in--depth understanding of object--oriented software systems. For systems consisting of large quantities of objects, reverse engineering tools can create package diagrams by grouping classes into packages. A different approach aggregates the complete static description of software objects so that each coarse--grained entity represents a set of objects. A dependency between coarse--grained entities indicates a possible relationship between the objects they represent [8] . The Harmonized Maintenance Management Group (HMMG) of ISO/TC 211 maintains a harmonized model of all UML elements in ISO 19100 standards. The dependencies between packages in this model could be analyzed by following the approaches above, but the approaches are lacking for standard maintenance in other areas. Standards are not composed purely of objects and the above approaches do not detect dependencies that are embedded in the normative text of a standard. Dependencies in all normative elements (title, scope, terms, provisions, etc.) of the standard have to be included in an analysis and considered for standard maintenance. Dependencies in the informative content of a standard on the other hand can be ignored. [9] concur with our observation that standards are sometimes large text documents that are difficult to intertpret. They propose a framework for achieving and assessing conformance to such standards. Their solution includes an analysis of the interrelationships between the requirements within a standard, but not among different standards. This paper presents the novel approach of a normative dependency analysis, in which relationships between normative elements of standards are analyzed, and shows how such an analysis enables an in--depth understanding of standard interdependencies, necessary for standard maintenance. The remainder of the paper is structured as follows: section 2 defines a normative dependency between two standards and introduces a notation for these; section 3 presents the normative dependency data model and describes how the normative dependency analysis was conducted; section 4 discusses results from the normative dependency analysis; and section 5 concludes with a summary of results and a discussion of further work.
Normative dependencies between standards
At a high level, an ISO standard consists of normative and informative elements. Normative elements describe the scope of the document and set out provisions of the standard, while informative elements provide additional information to introduce the content, explain the background and assist in understanding and using the document [10] . Only changes to the normative content of a standard can possibly have an impact on other standards, therefore it is sufficient to analyze dependencies in the normative content in order to understand the impact of a change introduced in a revision. Thus, a normative dependency is a relationship between two standards where a change to the normative content in the one standard affects the normative content of the other standard. A recommendation in S1:YYYY depends on a UML element from S2 Normative elements of a standard include the title, scope, normative references, terms and definitions, symbols and abbreviated terms, and provisions. Table 1 shows the definition of different kinds of normative dependencies between standards. While the title of a standard is a normative element, it does not include dependencies on other standards (or if, these will be repeated in the scope, thus working with scope dependencies is sufficient). Table 1 also introduces a notation for normative dependencies. In the notation S:YYYY is a specific edition of a standard, where YYYY is the year of publication. S collectively refers to all editions, S:YYYY, of S. The details of the dependency are given (in free text) between the square brackets that follow. A normative dependency with an S:YYYY on the right hand side can also be referred to as a dated normative dependency, while with only the S on the right hand side, it is an undated normative dependency. For the scope dependency, the notation for both the dated and undated dependency is shown in the table, while (for simplicity reasons) only the undated dependency is shown for the other kinds of normative dependencies. Table  2 gives examples from published standards for each one of the dependencies. The scope statement of a standard defines the subject of the document and the aspects covered, thereby indicating the limits of applicability of the document or particular parts of it [10] . In some cases the scope statement specifies a dependency on another standard. For example, the scope of an implementation specification could depend on an abstract standard. Normative references are 'referenced documents cited in the document in such a way as to make them indispensable for the application of the document' [10] , implying that a change to the normatively referenced document will change the way in which the document in which it is normatively referenced, is understood and interpreted. In an ISO standard only a reference to the other document is included; no information about the details of the dependency is supplied (i.e. no square brackets in the notation). This is the only kind of normative dependency where the details of the dependency are not provided. The normative element of a standard that contains the terms and definitions includes a normative dependency if a term and its definition are repeated from another document. The reference to the other document could be dated, S1:YYYY Term > S2:YYYY, indicating that the term is repeated from a specific edition of the standard, or undated, S1:YYYY Term > S2, indicating that the term is referenced from all past and future editions of that standard. Table 5 Provisions stipulate requirements and recommendations that an implementation of the standard has to follow in order to claim compliance. A requirement is an 'expression in the content of a document conveying criteria to be fulfilled if compliance with the document is to be claimed and from which no deviation is permitted'. A recommendation is an 'expression in the content of a document conveying that among several possibilities one is recommended as particularly suitable, without mentioning or excluding others, or that a certain course of action is preferred but not necessarily required, or that (in the negative form) a certain possibility or course of action is deprecated but not prohibited' [10] . A separate operator is used to distinguish normative dependencies involving Unified Modelling language (UML) elements, e.g. S1:YYYY RequirementUML > S2. The object--oriented nature of UML allows the use of traditional object--oriented dependency analysis techniques and therefore these provisions are distinguished from other free text provisions. Now that the normative dependencies have been defined and explained, the next step is to understand the implications of changes to the normative content on normative dependencies. Continuing with the normative dependency notation introduced above, S1:YYYY' is now the revision of S1:YYYY. If S1:YYYY is revised, the normative content in S1:YYYY' can be modified without any impact on existing normative dependencies in which S1:YYYY is the left operand. If S1:YYYY appears as the right operand in any normative dependencies (i.e. dated dependencies), modifications in the normative content of S1:YYYY' will not violate these dependencies (there are other considerations, such as backward compatibility though). However, if S1 appears as the right operand in any normative dependencies (i.e. undated dependencies), there are restrictions on the modifications that can be introduced in the normative content of S1:YYYY'. Table 3 explains these restrictions on S1:YYYY'. The UML element is included in S1:YYYY' so that existing implementations of S2:YYYY comply with S1:YYYY'.
S2:YYYY RecommendationUML > S1 [UML element]
The UML element is included in S1:YYYY' so that existing implementations of S2:YYYY comply with S1:YYYY'.
Normative dependency analysis of geographic information standards
One of the challenges of standard harmonization is the maintenance of standards when revisions are required. It is a challenge to determine whether a change in a revised standard affects other standards, and how. Normative dependencies are established after the standard on the left of a normative dependency relation is published. For this reason, the normative dependencies cannot be published in the left hand standard itself; instead, they are published in the individual dependent standards. In this section the data model that was used in the normative dependency analysis of ISO 19100 standards is presented and a description is provided of how the analysis was done. Fig.1 shows a data model in UML that was developed as part of this research for the representation of normative dependencies. This data model was used as the blueprint for the database in which the normative dependencies between ISO 19100 standards were recorded and subsequently analyzed. More information about the database is available in [13] . In the model the Edition class represents a specific edition (publication) of a document and thus always has a year of publication associated with it. If there is more than one edition of the same document, the editions are associated with a single document. • [4] is included in the harmonized data model. Dependency analysis is done on the UML directly and the UML dependencies were therefore not recorded again. Once all the dependencies were recorded, an overview of the type of dependencies was obtained. Selected dependencies were analyzed individually in an attempt to better understand the impact of these dependencies on standard maintenance.
Results and discussion of the normative dependency analysis
In this section the results of the normative dependency analysis are presented. The discussion is presented in the subsequent sub--sections in the order of scope, normative reference, term and provision dependencies.
Scope dependencies
The number of scope dependencies in the ISO 19100 standards is limited to twenty. In comparison, there are 299 normative reference dependencies and 571 term dependencies. Most of the scope dependencies are undated, implying that a revision to the 'other' standard (on which the scope statement depends) has to ensure backward compatibility. A single ISO 19100 scope statement references the other standard explicitly with a date. Most scope dependencies are ambiguously referenced: the other standard is referenced without a date in the scope statement, but listed as a normative reference with a date. One can probably assume that these references are dated references by implication of the dated normative reference. However, including the date in the scope statement itself, removes all potential ambiguity. Table  4 shows four scope dependencies from the ISO 19100 suite of standards. The first scope dependency is a trivial example of a second part of a standard that depends on the first or main part of the standard. In this case ISO 19111--2:2009, Geographic information -Spatial referencing by geographic coordinates - Part 2: Extension for parametric value [17] , depends on ISO 19111, Geographic information -Spatial referencing by geographic coordinates. The second scope dependency in Table 4 is an example of one standard relying quite heavily on another standard. In both examples, the reference in the scope statement is undated, but the other standard is included in the list of normative references with a date. Two ISO 19100 scope statements depend on another standard that is not included in the list of normative references, but in the bibliography. The third and fourth scope dependencies in Table  4 refer. Such a normative dependency is questionable: if the dependency is described in the scope statement, it is highly likely that the other standard is 'indispensable for the application of the document'. On the other hand, if the other standard is not 'indispensable for the application of the document', should the dependency be described in the scope statement? Table 6 . All of these involve specific editions of a standard (as opposed to undated normative references). Ideally, standards involved in a circular normative reference should be revised simultaneously, so that the revised editions can normatively reference each other again. In practice, resources are seldom available to do that. Because the list of normative references in an ISO standard lists documents that are indispensable to the application of the document, i.e. not necessarily depended upon, the normative reference dependency is an indicator but does not provide sufficient details about the actual dependency. It is necessary to understand the details of the normative dependencies involved in order to understand which one of the standards should be revised first and how normative content of a standard that is involved in a normative reference dependency may be modified. In the subsequent section 4.4, some provisions of standards involved in circular normative references dependencies are discussed to illustrate this further. 
Term dependencies
Similar to the normative reference dependency analysis, the term dependency analysis reveals which standards are heavily relied upon for terminology. There are some obvious overlaps between Table 7 , which lists standards from where terms are most often repeated, and Table  5 , which lists the standards most normatively referenced ISO 19100 standards. Among, the standards that appear in both tables are those that standardize the very basics of geographic information, as well as the way in which other standards should be written. Examples are ISO 19101, Geographic information -Reference model [21] , ISO/TS 19103, Geographic informationConceptual schema language [25] , ISO 19111, Geographic information -Spatial referencing by geographic coordinates [15] and ISO 19115, Geographic information -Metadata [24] [23]. Table 8 shows a list of terms from ISO 19101 that are repeated in other standards. In some cases the term is referenced from ISO 19101:2001, in others the term is referenced without a date. As long as the semantics of a term's definition remain the same, the actual wording of the definition may be modified in a revision of ISO 19101:2002. If however, the semantics of the definition change, a new term for the new definition has to be introduced. Strictly speaking, if a term is referenced without a date, it can never be removed from any future revision of that standard. Thus, dated term references make it easier to maintain terms in revisions. The large number of undated term references in ISO 19100 standards is a concern from a term maintenance point of view. universe of discourse 0 5 Table 9 shows the term dependencies for the 'coordinate reference system' term, which is defined in ISO 19111. This term is an interesting example of a change of definition introduced in a revision. ISO 19111:2003 defines a 'coordinate reference system' as a 'coordinate system that is related to the real world by a datum' [15] . In ISO 19111:2007, the definition is changed to 'coordinate system that is related to an object by a datum' [16] . The 2003 definition was too restrictive and the change in definition recognises the fact that a coordinate reference system could be related to any object, including for example a remote sensing satellite, rather than just the Earth. Because the 'real world' is an 'object', previous use of the definition is not rendered incompatible by the new definition (Andrew Jones, 9 August 2009, Personal communication). The normative dependency analysis reveals not only which technical committees and organizations are involved in normative dependency relationships with ISO 19100 standards, but also what the nature of these relationships is. For example, Table  10 shows the committees from whose standards the ISO 19100 series of standards repeat one or more terms. The 'foreign' standards are always right operands in the normative dependency relations of the analysis. To include the inverse as well, all standards with a normative dependency on an ISO 19100 standard have to be included in the analysis. While it is impractical to search all documents 'out there', it would be beneficial to understand at least the normative dependency relationships among publications of different ISO technical committees. 
Provision dependencies
The types of dependencies analyzed until now, are quite easily located: the scope, normative references, and terms and definitions sections appear at the beginning of an ISO document. The scope statement is usually reasonably short so that one can read through it to determine any dependencies; the normative references section comprises a list of references; and each term is defined in it its own subclause. Provisions, however, are embedded in the text of the remainder of the document and are identified through the verbal forms that are used to express each kind of provision, i.e. shall and shall not for requirements; and should and should not for recommendations. For each of these verbal forms, there are equivalent expressions, for example. In the original 'Requirement 2' and 'Requirement 3' are red and 'Recommendation 1' is blue (the provision text is in normal black font). Fig. 2 . An example of provision formatting from the INSPRE data specification on addresses [7] Another example is the OGC's specification model for the writing of OGC specifications [29] . In contrast to the ISO/TC211 committee, the OGC spends large amounts of resources on conformance testing and this document specifies how requirements should be written to facilitate implementation and conformance testing. While the formatting used in this OGC document does not seem to be part of its specifications, it is very useful for the identification of requirements. Each requirement in the specification has a unique number; a ' Table of Requirements' with page numbers at the beginning of the document provides quick access to individual requirements in the specification; and the requirements are highlighted in the text by formatting them in a different bold font in red. [31] , [32] analyzed and compared the provisions of a number of quality and process--related standards, including ISO 9001:2008 [33] , in order to identify process activities and informational items that are included in one standard but not the other. The results of the analysis are used to improve the standards but also to assist implementers of more than one of these standards in understanding how the standards are related to each other. Provisions had to be identified manually and the analysis would have been a lot easier with a table of provisions. An additional benefit of having access to provision dependency information for a standard is that this information can be used to verify the list of normative dependencies in a standard: if a standard depends on another standard, it is highly likely that the 'other' standard should be included in the list of normative references. In this way the normative dependency analysis contributes to the quality of a standard.
Conclusion
In this paper a normative dependency between two standards was defined, a notation for these introduced, a normative dependency data model presented, a normative dependency analysis of geographic information standards was described and results from the analysis discussed. For the analysis, normative dependencies between published ISO 19100 standards and other standards were analyzed. Results from the normative dependency analysis show that:
• A normative dependency analysis provides an in--depth understanding of the interdependencies among standards.
• A normative reference dependency between two standards does not provide enough detail about the actual dependency between the two standards.
• Normative dependencies on specific editions (dated references) result in less restrictions when revisions have to be undertaken during standard maintenance.
• The formatting of ISO standards makes it difficult to identify the requirements of a standard, as well as the normative dependencies between standards.
• Low coupling between standards improves maintainability of the standards.
• There is potential for ambiguity if a standard is referenced differently in the text (without a date) than in the list of normative references (with a date). Based on these results, the following recommendations are made:
• Normative dependencies between standards should be loosely coupled.
• Unless there is good justification, normative references should be dated.
• Explicitly identify requirements and recommendations in a standard, for example, by providing a table of requirements or by unique formatting of the provisions.
• Identify the normative dependencies of a standard, for example, by providing a table of normative dependencies at the beginning of the document.
• Verify the list of normative references against the list of normative dependencies.
• Use normative dependency relations to determine the order of revisions.
• Cite normatively referenced standards consistently in a standard, either with or without a date. Following these recommendations, improves maintainability of standards. As an additional benefit, the standards are easier to implement and test, and the quality of the standards is improved. The recommendations do not apply to geographic information standards only, but are applicable to any standard. While it is impractical to search all documents 'out there' for normative dependencies on the ISO 19100 series of standards, it would be interesting to see which normative dependency relationships exist between publications of different ISO technical committees. It would be easy to adapt the normative dependency data model for such an exercise. For this normative dependency analysis, a selected number of provision dependencies were identified and analyzed. In order to obtain an overview of interdependencies among all ISO 19100 standards, all provision dependencies have to be analyzed. On a slightly larger scale one could include standards from collaborating organizations, such as the OGC. Students at the University of Pretoria are currently investigating automating the process of identifying provisions in a standard. While it is quite easy to identify sentences that contain the word 'shall' as a starting point for a list of provisions, manual intervention is required to group these sentences into individual logical requirements. Identifying requirements that do not contain a 'shall' in the normative text is an even bigger challenge. While the normative dependency analysis considers relationships between standards, existing implementations of standards are not within the scope of the analysis. However, since it is impossible to know where and how many times a standard is implemented, standard maintenance decisions should always consider backward compatibility. To illustrate the importance of backward compatibility for geographic information, consider a standard for land cover classification according to which satellite images are classified at high costs over a couple of years in order to monitor climate change. If a revision changes the standard in such a way that data classified according to the new standard cannot be compared with data classified according to the previous standard, the old data becomes useless (or more likely, the new standard will not be implemented). Sometimes a revision of an informative reference could invalidate the text in a standard. A future study could include informative dependencies. This would also reveal, overall, the nature of informative references used in standards: for example, are other standards, books, academic journals or conference proceedings preferred as informative references? However, the value--add from an informative dependency analysis would be significantly less than from a normative dependency analysis.
